INTRODUCTION
Glioblastoma (GBM) is still the most common and lethal form of brain cancer. Despite multiple treatments available including surgery, radiotherapy, and chemotherapy, GBM still exhibits a poor, with 5-year survival rate less than 10%, because of low cure rate, high recurrence, and mortality. 1 New strategies that could prolong the overall survival and reduce toxic side effects are yet to be developed. In recent years, adoptive transfer of chimeric antigen receptor T cell (CAR-T) therapy come to be one of the most effective and promising approaches for treating hematologic tumor. 2, 3 More recently, CAR-T cells also showed impressive antitumor efficiency in preclinical and clinical treatment studies of GBM. 4, 5 However, the progress and popularization of the CAR-T therapy for GBM was limited by the lack of an applicable therapeutic target. 6, 7 Although several targets applied for CAR-T therapy, including interleukin-13 receptor alpha 2 (IL-13Ra2), human epidermal growth factor receptor 2 (HER2), and epidermal growth factor receptor variant III (EGFRvIII) have been proved to induce antitumor response, [8] [9] [10] these immunotherapy targets were not expressed highly and ubiquitously within tumor tissues and could not meet the standard of an ideal tumor immunotherapeutic target. Thus, novel suitable therapeutic targets for CAR application await discovery.
B7-H3, a type I transmembrane protein, is encoded by chromosome 15 in human beings. The extracellular domain of B7-H3 has two kinds of isoforms named 4IgB7-H3 and 2IgB7-H3. 11 Previous studies suggest B7-H3 has both co-stimulatory function and co-inhibitory function in the regulation of different T cell subsets. [12] [13] [14] So far, the receptor of the B7-H3 is unknown, and its biological functions remain largely undefined. Recently, it has been reported that B7-H3 is broadly overexpressed by multiple tumor types on cancer cells, tumor-infiltrating dendritic cells, macrophages, and blood vessels, suggesting it may serve as a valuable target for immunotherapy against cancer. 15 Some studies show that B7-H3 is highly expressed on medulloblastoma and that children diffuse intrinsic pontine glioma, and it has been recommended to be a promising candidate target for immunotherapy. 16, 17 More recent studies demonstrated the potent antitumor effects of B7-H3 CAR-T cells in several solid tumor preclinical models, including pancreatic ductal adenocarcinoma, ovarian cancer, neuroblastoma, and various pediatric cancers. 18, 19 Given the wider expression of B7-H3 in various solid tumors, the present study was to explore whether B7-H3 can serve as an immunotherapy target for GBM.
Our study provided the evidence that B7-H3 was expressed on glioma of different WHO grades, but not on the tumor-adjacent normal tissues or normal brain tissue. We also found that B7-H3 expression level was correlated to tumor malignancy grade and poor survival. Furthermore, we constructed a B7-H3-targeting CAR vector using a B7-H3 single-chain antibody fragment (scFv) and evaluated its efficacy against primary GBM cells and several GBM cell lines both in vitro and in vivo. Our results suggested that B7-H3 may serve as a promising therapeutic target for CAR-T therapy against GBM.
RESULT

B7-H3 Expression Level among Glioma and the GBM Cell Lines
GBM tumor samples of WHO grade 2 and above were collected from neurosurgical resections and analyzed for expression of B7-H3 by immunohistochemistry staining. The result showed that 8/34 of samples were strongly stained and 11/34 of samples stained moderately, while there was no detectable B7-H3 expression in tumor-adjacent tissues and normal cerebral tissue. The details of the tumor specimens were shown in Table 1 . Representative cases including para cancer tissues from each grade were shown in Figure 1A , and other cases with strongly stained and normal brain tissue samples were presented in Figure S1 . We utilized the data from Oncomine to analyze the association between B7-H3 expression level and the malignancy grade of glioma. As shown in Figure 1B , significantly higher expression of B7-H3 was found in high-grade glioma, while negative and lower expression levels were observed in normal cerebral tissues and low-grade glioma, respectively. For different types of glioma, B7-H3 was significantly overexpressed in oligodendrogliaoma and especially in GBM compared with normal brain tissues, anaplastic astrocytoma and diffuse astrocytoma ( Figure 1C ). We also analyzed the survival of low-grade glioma (LGG) and GBM patients based on the data from The Cancer Genome Atlas (TCGA) (Figures 1D and 1E ). As shown, higher expression of B7-H3 was significantly correlated to decreased survival in both GBM (p < 0.017) and LGG (p < 0.00015). In LGG, the medium overall survival of patients with higher B7-H3 expression was 55.5 months, while it was 136.1 months in lower-expression group.
Next, we examined the expression of B7-H3 in primary GBM cells isolated from clinical samples and several GBM cell lines (U87, U138, U251, T98G, Hs638, and A172) using immunofluorescence, flow cytometry, and western blot. As shown, B7-H3 was positively stained in primary tumor cells from GBM samples (UPN1, unique patient number 1; Figures 2A and 2B ) and GBM cell lines A172, Hs638, and T98G, while GBM primary cells from UPN2, as well as U87, U251, and U138 cells were weakly stained ( Figure 2C ). Likewise, western blot results indicated that B7-H3 was highly expressed in the sample of UPN1, A172, Hs638, and T98G cell lines ( Figure 2E ).
Construction of B7-H3-Specific CAR-T Cells
After confirming the B7-H3 expression in GBM specimens and cell lines, we generated a B7-H3 targeted third-generation CAR with 4-1BB and CD28 costimulatory domain to explore whether B7-H3 could be used as a novel CAR-T immunotherapy target in glioma ( Figure 3A) . The expression of the CARs on T cells after lentivirus transduction was confirmed by detection of the co-expressed mCherry spaced by a P2A self-cleaving peptide with fluorescence microscope (red fluorescence in Figure 3B ) and flow cytometry (PE Texas red in Figure 3C ), respectively.
Functional Test of B7-H3 CAR-T Cells In Vitro
Before the in vitro and in vivo antitumor assay, the phenotype of CAR-T cells was analyzed by flow cytometry ( Figure 3D ). 10 days after transduction, the ratio of CD4 + /CD8 + T cells was about 1:2, and there was no significant difference between CAR-T cells and nontransduced T cell groups (NT). Most CAR-T cells exhibited a phenotype of memory cells (CD45RO + /PD-1 À ). The specific and potent cytotoxicity of B7-H3 CAR-T cells was evaluated by a co-culture assay with primary GBM cells and B7-H3
high/low GBM cell lines. Because of the non-tumorigenic characteristic of B7-H3 highly expressed A172, Hs638, and T98G cell lines in vivo and the low expression of B7-H3 in tumorigenic U87, the U87 cells were stably transduced via lentivirus encoding B7-H3. The flow cytometry result showed the ratio of B7-H3-positive cells of U87 B7-H3 overexpression strain (U87-B7-H3) ( Figure 3E ). To evaluate the specific antitumor effect of B7-H3 CAR-T cells, Cr 51 -release cytotoxic assays were carried out to test the cytotoxic effects of B7-H3 CAR-T cells (Figures 3F and 3G). As shown, strong specific lysis was observed in B7-H3 highly expressed A172, U87-B7-H3, and UPN1 cells, moderate cytotoxicity in UPN2, while no significant response was observed in B7-H3 negative or low cells, such as Raji and U87 wild-type cells. Representative bright-field images were shown in Figure 4A . To determine the relative cytokine secretion level, primary glioma cells and GBM cell lines were co-cultured with CAR or vehicle control T cells at an E:T (effect cells: target cells) ratio of 4:1. Supernatants were collected and detected by an ELISA kit. Increased release of interferon g (IFNg) and IL-2 can be detected in the supernatants of A172, U87-B7-H3, UPN1, and UPN2 cells co-cultured with CAR-T cells, while not in Raji cells ( Figures 4B-4E ).
Antitumor Effect of B7-H3-Specific CAR-T Cells In Vivo
A xenograft orthotropic GBM PDX model was established to evaluate the antitumor effect of B7-H3-specific CAR-T cells in vivo. General protocol schema is illustrated in Figure 5A . As shown in Figure 5B , mouse models were established successfully, which was confirmed by detecting bioluminescence signal 9 days after intracranial injection of engineered GBM primary cells expressing luciferase. A significant tumor growth repression was observed after tail-vein injection of 2 Â 10 6 B7-H3 CAR-T cells compared with vehicle-transduced T cells as measured by bioluminescent imaging ( Figure 5C ). Prolonged survival was observed in CAR-T cell-treated group compared with the vehicle control group, but tumor recurrence was observed in two mice brain of CAR-T cells treated group ( Figure 5D ). In this in vivo study, we used a cell line stably expressing B7-H3, so the antigen loss resulting from tumor heterogeneity may not occur. To further investigate whether tumor recurrence was due to the insufficient dose of CAR-T cells in the GBM PDX model, we further designed high (1.5 Â 10 7 /mouse) and low (2 Â 10 6 /mouse) doses of B7-H3 CAR-T cells against U87-B7-H3 cell xenografts. The treatment program was shown in Figure 5E . Normally, a wider range of doses were used in preclinical animal-model research compared with the clinical trial, facilitating the evaluation of the safety and feasibility. As shown, a complete regression of tumor was observed in high-dose CAR-treated group, and the complete remission of tumor was maintained for about 2 months. In low-dose CAR-treated group, obvious tumor suppression effects were also observed, while no effect was detected in the vehicle group by bioluminescent imaging and survival analysis (Figures 5F and 5H).
DISCUSSION
For CAR-T cell therapy, the selection of therapeutic target is important for the safety and feasibility. Recent studies have demonstrated that B7-H3 is overexpressed by multiple tumor types in cancer cells, tumor-infiltrating dendritic cells, macrophages, and blood vessels. 20, 21 It has been reported that B7-H3 is broadly overexpressed by multiple tumor types on both cancer cells and tumor-infiltrating blood vessels and anti-B7-H3 drug conjugates display potent antitumor and antimetastatic activity, suggesting it is a potentially ideal dual-compartment therapeutic target. 15 In murine systems, B7-H3 was reported to possess both co-stimulatory and co-inhibitory function in regulation of different T cell subsets. 14 With human T cells, it is reported that B7-H3 potently and consistently down-modulated human T cell responses in the presence of strong activating signals. More recently, Lee et al. 13 reported that expression of B7-H3 was found in multiple tumor lines, tumor-infiltrating dendritic cells, and macrophages, and B7-H3-deficient mice or mice treated with an antagonistic antibody to B7-H3 showed reduced growth of multiple tumors, which depended on NK and CD8 + T cells. Together, these studies suggested that B7-H3 is a potentially ideal multi-compartment therapeutic target. In the present study, B7-H3 was positively stained in 58% clinical glioma samples as well as in primary GBM cells and GBM cell lines, suggesting it may serve as a potential target for glioma therapy.
Although adoptive transfer of CAR-T cells in treating hematologic cancer has achieved remarkable success, the use of CAR-T cells toward solid tumor faced various barriers, including target antigen heterogeneity, trafficking, and hostile tumor microenvironment. 22 For glioma, IL-13Ra2 and EGFRvIII are two most famous CAR-T targets, with which many clinical trials are carried out throughout the world. Earlier studies reported that IL-13Ra2 is expressed by a vast majority of glioblastoma multiforme explants. 23 Recent research indicated that the percentage of increased expression of IL-13Ra2 in GBM specimens relative to non-neoplastic brain was less than 50%, and its expression was highly variable both within and across specimens. 24 Similarly, although EGFRvIII was reported to be expressed in 10%-30% of patients with GBM, significant regional heterogeneity was observed within tumor specimens for both EGFRvIII and EGFR wild-type (WT), 25 and researchers even concluded that the major barrier to targeting EGFRvIII as a single antigen is the heterogeneity of its expression. 26 On the other hand, CAR-T or chemotherapies commonly result in the loss of drug targets, which is the most important cause of treatment failure. In IL-13Ra2-targeted CAR-T clinical trial, decreased expression of IL-13Ra2 was observed after treatment, and tumor eventually recurred. 27 In a preclinical study, Krenciute et al. 28 reported that transgenic expression of IL-15 improves T cell persistence and antiglioma activity of IL-13Ra2 CAR-T cells but results in antigen loss variants. Gliomas with downregulated IL-13Ra2 expression recurred 40 days after T cell injection. Similarly, O'Rourke et al. 26 found that peripheral infusion of EGFRvIII-directed CAR-T cells could mediate antigen loss and induce adaptive resistance in patients with recurrent glioblastoma. In the PDX model of our study, target antigen heterogeneity also might be one of the reasons tumors recurred. Therefore, combinatorial targeting of two or three antigens was recommended by some researchers to offset interpatient variability and antigen escape. Very recently, CD70 and CSPG4 were also suggested to be promising targets for CAR-T therapy of GBM. 29, 30 In the present study, we found that B7-H3 was highly expressed in GBM and may serve as a novel promising target for CAR-T therapy. With more and more targets identified, more choices are available for molecularly targeted therapy.
In conclusion, our results indicated that B7-H3 was expressed in 58% of clinical glioma samples, and its expression level was correlated to the malignancy grade of glioma and the poor survival of both LGG and GBM patients. Overexpression of B7-H3 was also observed both in primary glioblastoma cells and in GBM cell lines. B7-H3-specific CAR-T cells presented obvious cytotoxic effects on GBM cells in vitro and significantly induced tumor regression in orthotropic GBM models. Our data indicated that B7-H3 may serve as a promising therapeutic target for CAR-T therapy of GBM.
MATERIALS AND METHODS
Patient Sample and Immunohistochemistry Analysis
All glioma samples were collected from neurosurgery department, West China Hospital. The para cancer tissue was obtained from the extended excision domain of GBM neurosurgical resections, and the normal brain tissue displayed in Figure S1 was from the neurosurgical resections of epilepsy patients. All of samples were dealt with 10% formalin and embedded by paraffin. Paraffin slices were dried for 90 min at 65 C and blocked with 3% H 2 O 2 in distilled water for 20 min, then blocked with PBS www.moleculartherapy.org containing 10% normal goat serum (Boster) for 30 min at room temperature. Slices were stained with anti-B7-H3 mono-antibody (1:200, Santa Cruz, F11) at 4 C overnight. The next day, slides were developed using DAB chromogen (ZSGB-Bio), counterstained with hematoxylin (BioSharp), dehydrated in ethanol, and cleared in xylene.
The positive rate of each sample was counted by two independent pathologists at five randomized high-magnification fields. More than 60% and 20%-60% of tumor cell surface stained were set as high and moderate positive, respectively. For RNA-sequencing (RNA-seq) and survival analysis, the data were downloaded from Oncomine (http://www.oncomine.org) and TCGA (http://www.oncolnc.org).
Primary Tumor Cells and GBM Cell Lines
GBM primary cells obtained from neurosurgical resections were grown in RPMI (HyClone), and GBM cell lines including U87, A172, U251, and U138 (purchased from ATCC) were cultured with DMEM (HyClone). All the media were supplemented with 10% fetal calf serum (HyClone) with 2 mmol/L glutamine and 1.0 mmol/L penicillin streptomycin combination (HyClone). The B7-H3/luciferase (Luc) double-positive U87 cell line was established by virus transduction and puromycin selection using a lentivirus vector with double promoters (EF1a for B7-H3 and PGK1 for Luc-P2A-puromycin).
Expression and Purification of B7-H3-Specific scFv-Mouse Fragment Crystallizable (mFC) Recombinant Protein cDNA coding human B7-H3-specific scFv were synthesized by Genewizz according to a previously published amino acid sequence. 31 The B7-H3-specific scFv does not have cross-reaction with mouse B7-H3. The cDNA was subcloned into a eukaryotic expression vector with murine Fc and His tags at the C-terminal. Construct was transiently transfected into HEK293FT cells in Freestyle serum-free medium (Thermo Fisher Scientific), and the supernatant was harvested 1 week post-transfection. Recombinant protein was initially isolated by protein A and nickelnitrilotriacetic acid (Ni-NTA) affinity columns and subsequently subjected to size-exclusion chromatography.
Immunofluorescent Staining and Western Blot
GBM cells were incubated in 24-well plates with poly-L-lysinetreated coverslips at 37 C. After 24 h, specimens were stained with primary antibody or scFv-Fc for 1 h at 4 C and fixed in 4% paraformaldehyde in PBS for 15 min. The slides were stained in turn by a Cy3-conjugated secondary antibody (Proteintech) and DAPI (Beyotime). The immunofluorescent staining was imaged by confocal microscopy.
Western blots were used to probe for B7-H3 expression in isolated glioma primary cells and GBM cell lines. Cells were lysed in radioimmunoprecipitation (RIPA) buffer supplemented with protease inhibitor cocktail (Sigma) for 15 min and then centrifuged at 10,000 Â g for 15 min at 4 C. Protein concentrations were determined with a BCA protein assay kit (Thermo Fisher Scientific). Equal amounts of protein were loaded on 10% SDS-PAGE gel and subsequently transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore). After blocking in 5% skimmed milk, the membranes were incubated with anti-B7-H3 (1:500, Santa Cruz, F-11) or anti-GAPDH (1:1,000; Beyotime, AF0006) primary antibody overnight. Horseradish peroxidase (HRP)-conjugated secondary antibody (1:2,000; Beyotime, A0216) was used at a dilution of 1:2,000. Western blot results were visualized using ChemiScope 6000 Touch (Clinx).
Flow Cytometry Analysis
Cells were filtered through a 100-mM strainer filter and washed twice with PBS containing 0.5% BSA before incubation with antibodies for 30 min at 4 C in the dark. A FACSCalibur instrument was used to analyze the cells, and percentages of positive cells were calculated via FlowJo-V10 software for analysis. In addition, CAR-T cells expressing the mCherry protein were detected in PE Texas red channel, and T cell phenotype was assessed by CD4, CD8 (BD Biosciences, RPA-T4; RPA-T8), CCR7, CD45RO, and PD1 (BioLegend, G043H7; UCHL1; EH12.2H7). B7-H3 expression in GBM primary cells and cell lines was evaluated by using a B7-H3-specific APC-conjugated antibody (BioLegend, MIH42).
Construction of CAR Vector
A CAR sequence consisting of CD8a signal peptide, B7-H3-specific scFv, hinge, CD8 transmembrane, the cytoplasmic domain of human CD28, 4-1BB and CD3z, P2A, and mCherry were synthesized by a vendor (Genecreate, China). The CAR sequences were subcloned into a lentivirus vector. Vehicle control was constructed by substituting B7-H3 scFv sequence with CD19 scFv.
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Manufacture of Lentivirus
HEK293T cells were co-transfected with the CAR vector, pMDLg/pRRE (Addgene plasmid#12251), pRSV-Rev (Addgene plasmid #12253), and pMD2.G (Addgene plasmid #12259) by using polyetherimide (PEI; Roche Applied Science). The supernatant was collected at 36 h and 60 h and then centrifuged at 15,000 rpm for 2 h at 4 C. The pellet was resuspended in cold RPMI medium and stored at À80 C.
Primary Human Lymphocytes and Transduction of T Cells
On day 1, peripheral blood mononuclear cells (PBMCs) were isolated by gradient centrifugation (800 Â g for 15 min at room temperature) using Lymphoprep (Greiner Bio-One). Peripheral blood mononuclear cells cultured in X-vivo medium (Lonza) were stimulated with CD3 monoclonal antibody (mAb) (OKT3, 200 ng/mL, BioLegend), CD28 mAb (CD28.2, 100 ng/mL, BioLegend), and recombinant human IL-2 (100 units/mL, Life Science) at 37 C in a humidified atmosphere with 5% CO 2 . On day 3, anti-CD3 (OKT3)/anti-CD28 activated T cells were transduced with lentivirus (MOI 3-10) over the recombinant fibronectin fragment (Novoprotein) in the presence of IL-2. After 12 h, T cells were collected and cultured in the presence of 100 U/mL IL-2 for 8-10 days before use. Vehicle control T cells were established in the same conditions, and NT cells were stimulated with CD3 and CD28 mAb but not transduced with lentivirus.
Cytotoxicity Assays
Cytotoxicity of T cells was examined by using 51 Cr assay as previously described elsewhere. 32 In brief, 1 Â 10 6 cells/mL target cells (tumor cells) labeled with sodium chromate (molecular formula, Na 2 51 CrO 4 )
were incubated with effector cells (T cells) at an E:T ratio of 32:1, 16:1, 8:1, and 4:1. After 4 h, the supernatants were collected, and the radioactivity was examined by a gamma counter. The percentage of specific lysis was calculated by the following formula: (test release À spontaneous release)/(maximal release À spontaneous release) Â 100.
Analysis of Cytokine Secretion 1.5 Â 10 4 target cells were co-cultured with 6 Â 10 4 effect cells (E:T ratio, 4:1) in a 96-well plate at 37 C without the addition of exogenous cytokines. Vehicle control T cells served as the negative control. After 12 h, the supernatant was collected to analyze the IFNg and IL-2 secretion from the effector cells using ELISA kits (Thermo Fisher Scientific).
Animal Studies
For the orthotropic GBM model, NOD-SCID mice 8 to 10 weeks old were purchased from Beijing Vital River Laboratory Animal Technology Company. Each mouse received an intracranial injection of 2 Â 10 5 (GBM primary cells or U87-B7-H3) tumor cells in a volume of 5 mL at 1 mL/min using the stereotactic tumor establishment apparatus. 6-9 days after injection, progressively growing xenografts were confirmed by bioluminescence signal. Mice with established tumors were divided into different groups randomly (five mice/group). The group included vehicle and B7-H3-specific CAR-T cell treatment groups. Mice were injected with B7-H3 CAR-T cells or equivalent number of vehicle control T cells on day 10 (as indicated in Figure 5) after tumor injection. For bioluminescence imaging, mice were intraperitoneally injected with 150 mg/kg D-luciferin (Beyotime) and imaged using the IVIS system (Caliper Life Sciences) 10 min after injection. The IVIS data was analyzed using Living Image software (Caliper Life Sciences). A "survival analysis" experiment was used to compare B7-H3-specific CAR with vehicle T cells on their antitumor effect. Mouse death served as the endpoint of the experiment.
Statistical Analysis
Statistical tests were calculated and conducted by GraphPad software. For RNA-seq analysis of B7-H3 expression in glioma, unpaired t tests were used (*p < 0.05, **p < 0.01, ***p < 0.001). For survival analysis of LGG and GBM patients and orthotropic GBM models, the survival curve was obtained by Kaplan-Meier plot, and a log rank test was used. p < 0.05 was served as a level to designate significant differences. For cytokine and cytolysis in vitro experiments (n = 3 wells), the experiments were repeated twice.
Study Approval
The animal experiments were approved by the West China Hospital of Sichuan University Biomedical Ethics Committee, and all experiments conformed to all relevant regulatory standards. Primary tumor samples obtained from patients with GBM and blood samples from GBM patients and healthy donors were also approved by West China Hospital of Sichuan University Biomedical Ethics Committee (ethical approval document 2018-061). Written informed consent was obtained from patients with GBM and healthy donors. 
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